The aim of the present study was to evaluate the applicability of ultrasound imaging for quantitative assessment of human meniscus in vitro. Meniscus samples (n=26) were harvested from 13 knee joints of non-arthritic human cadavers. Subsequently, three locations (anterior, center and 5 posterior) from each meniscus were imaged with two ultrasound transducers (frequencies 9 and 40 MHz) and quantitative ultrasound parameters were determined. Furthermore, partial least squares (PLS) regression analysis was applied for ultrasound signal to determine the relations between ultrasound scattering and the meniscus integrity. Significant correlations between measured and predicted meniscus composition and mechanical properties were obtained (R 2 =0.38-0.69, p<0.05).
INTRODUCTION
Menisci are two fibrocartilaginous crescent-shape discs located between femoral condyles and proximal tibia in the medial and lateral sides of the knee joint (Fox et al. 2012; Messner and Gao 1998) . Menisci are mainly composed of water (60-70%) and collagens (15-25%, mainly type I) (Fox et al. 2012) . Proteoglycans, noncollagenous proteins, glycoproteins and cells account for the rest of 5 the meniscus weight (Fox et al. 2012 ). Meniscus has a highly organized structure which gives the tissue its characteristic mechanical properties such as high tensile stiffness and strength, low compression stiffness and low permeability (Fox et al. 2012; Masouros et al. 2008) . The main functions of the meniscus are to stabilize the knee joint, distribute loads between the femur and tibia and participate on the lubrication of the joint . The changes in the 10 structure and composition of the meniscus (caused by e.g. joint injury) may lead to deterioration of the mechanical function of the meniscus. This may subsequently lead to extensive loading of the articular cartilage and instabilization of the whole knee joint (McDermott and Amis 2006) . The changes in the knee joint function can initiate the degeneration of the articulating surfaces, which eventually leads to development of osteoarthritis (Englund and Lohmander 2004) . Currently, 15 meniscal injuries can be treated with surgical techniques, such as sutures and darts or in the case of more severe injuries meniscus allograft transplantation and partial or complete meniscectomy (Roos et al. 1998; Sihvonen et al. 2013; Van Der Straeten et al. 2016) . Unfortunately, the effectiveness of the current surgical techniques, especially meniscectomy, in the treatment of meniscus injuries is questionable (Roos et al. 1998; Sihvonen et al. 2013; Van Der Straeten et al. 20 2016). Quantitative tools capable of accurate determination of the extent and severity of meniscus injuries would be important when developing novel surgical techniques aiming to restore the meniscal function.
Currently, injuries and degeneration of menisci are diagnosed using clinical examination, magnetic resonance imaging (MRI), computed tomography (CT) arthrography and arthroscopy (Fox 2007; Huysse et al. 2008 ). However, current clinical MRI or CT techniques may not be optimal for the quantitative assessment of the integrity of menisci. The relatively low resolution, high costs and limited availability of clinical MRI, and radiation exposure and the need of contrast 5 agents to improve the soft tissue contrast of clinical CT imaging hinder the potential of these techniques for the accurate evaluation of meniscal pathologies. Furthermore, neither MRI nor CT imaging can be conducted during arthroscopic surgery. Thus, the final evaluation of the status of the meniscal injuries during the repair operation is based on the arthroscopic evaluation.
Arthroscopic assessment of the integrity of the joint consists of visual inspection and mechanical 10 palpation of the articulating surfaces (Brittberg and Winalski 2003) . However, this method is highly subjective and the diagnosis is dependent on the experience of the operating surgeon (Spahn et al. 2009 ). Thus, novel quantitative arthroscopic imaging techniques are needed.
High frequency external ultrasound imaging has been reported to be a sensitive method for evaluation of meniscal injuries and function (Akatsu et al. 2015; Rowland et al. 2016) . In 15 previous studies, ultrasound imaging has been used to evaluate tears, cysts and mechanical function of the meniscus (Friedman et al. 2001; Nogueira-Barbosa et al. 2015; Rowland et al. 2016; Wareluk and Szopinski 2012) . As the ultrasound imaging is a safe and widely available technique, screening of the meniscal damages after the joint injuries might be possible. However, only limited areas of the meniscus are visible with external ultrasound, which decreases the diagnostic value of 20 ultrasound investigation (Akatsu et al. 2015) . Furthermore, ultrasound attenuation and scattering in the soft tissues surrounding the knee joint significantly complicate the interpretation and quantification of the ultrasound images (Friedman et al. 2001) . Recently, ultrasound arthroscopy was introduced for high resolution ultrasound imaging of the articular cartilage and subchondral bone during an arthroscopic surgery (Kaleva et al. 2011; Liukkonen et al. 2013) . Ultrasound arthroscopy technique has been reported to be sensitive for the changes in the structure and composition of articular cartilage related to development of osteoarthritis (Liukkonen et al. 2014; Virén et al. 2009 ). In previous studies, ultrasound arthroscopy has been used to evaluate cartilage injuries in knee and shoulder joints in vivo (Kaleva et al. 2011; Liukkonen et al. 2014; Puhakka et al. 5 2016). However, the capability of ultrasound imaging to quantify the compositional and structural changes related to meniscus degeneration is unknown. Furthermore, due to highly organized layered structure of the meniscus, the quantitative ultrasound parameters related to bulk properties of the tissue may not reflect accurately the integrity of the complex tissue, and thus, more sophisticated techniques for analyzing depth dependent ultrasound scattering are needed. In 10 previous studies, multivariate partial least squares (PLS) regression analysis has been applied for analysis of near infrared spectroscopy and optical coherence tomography data measured from articular cartilage and meniscus Ala-Myllymäki et al. 2016; Puhakka et al. 2015) .
PLS regression analysis is commonly used to detect relations between noisy predictor variables and one or more response variables. PLS analysis has also been used to correlate the light backscattering 15 with the composition and mechanical properties of cartilage and menisci (Ala-Myllymäki et al. 2016; Puhakka et al. 2015) . However, the applicability of PLS regression analysis of ultrasound backscattering for the determination of structural and compositional parameters from the meniscus is unknown.
The aim of the present study was to evaluate the potential of ultrasound imaging for 20 the assessment of meniscus degeneration and to introduce a multivariate technique for analysis of ultrasound backscattering in meniscus.
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MATERIALS AND METHODS
Sample preparation
Lateral and medial meniscus samples (n = 26) were harvested from left knee joints of human cadavers (n = 13, age 24-76 years, 12 male, 1 female) with no history of joint disease (National Agency of Medicolegal Affairs, Helsinki, Finland; permission 1781/32/200/01). Subsequently, 5 menisci were wrapped in gauze soaked in physiological phosphate buffered saline (PBS; Euroclone, Paignton-Devon, UK) and stored at -25 o C until the experiment. Before the ultrasound measurements the menisci were thawed in water bath at room temperature and immersed in PBS containing inhibitors of proteolytic enzymes (5 mM disodium EDTA and 5 mM benzamidine HCl).
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Ultrasound measurements
Clinical ultrasound device (ClearView Ultra, Boston Scientific Corporation, San Jose, CA, USA) with two high frequency (9 MHz and 40 MHz; Ultra Ice and Atlantis pro, Boston Scientific, San Jose, USA, respectively) intravascular ultrasound (IVUS) imaging catheters was used in the present study. The technical details of the imaging system have been described in our previous papers (Liukkonen et 15 al. 2013; Virén et al. 2009 ). During the measurements the samples were kept in degassed PBS, which contained inhibitors of proteolytic enzymes (5 mM disodium EDTA and 5 mM benzamidine HCl).
Then the ultrasound catheter was manually positioned over the meniscus and the angle between ultrasound transducer and meniscus surface was adjusted to obtain maximum reflection.
Subsequently, radiofrequency (RF) ultrasound signal from ten consecutive ultrasound acquisitions 20 was recorded and digitized (sampling frequency 250 MHz) with custom-made software (LabView version 8.2, National Instruments Corporation, Austin TX, USA) and a digital oscilloscope (LeCroy Corporation, Wave Runner 6051A, Chestnut Ridge, NY, USA). For each meniscus the ultrasound measurements were conducted in three anatomical locations: anterior, central and posterior section of the meniscus. The measurement locations were marked with ink to match the locations of ultrasound measurements and the reference analyses. Minimum of four successful measurements were conducted in each measurement location. For each repeated measurement (consisting of ten ultrasound images) one ultrasound acquisition with the highest reflection from meniscus surface, i.e. the most optimal angle between ultrasound transducer and meniscus surface, 5 was selected for further analysis. Finally, three measurements with the highest reflection from meniscus surface were selected for the final analysis. After the ultrasound measurements the samples were stored at -25 o C until reference measurements.
To calculate the absolute values of ultrasound reflection and backscattering parameters a reference reflection was measured from a polished steel plate (for 40 MHz ultrasound 10 transducer) and a rubber phantom (for 9 MHz ultrasound transducer) with known reflection coefficients of 93% and 10%, respectively. Due to the high output of 9 MHz ultrasound transducer, the reflection measured from steel reference plate exceeded the dynamic range of the used oscilloscope and thus reference reflector with lower reflection coefficient was used for 9 MHz ultrasound transducer. The reference reflection was measured using various distances (2.5-10 mm, 15 56 measurement distances and 1.3-7.2 mm, 52 measurement distances, for 9 MHz and 40 MHz, respectively) between the ultrasound catheter and the saline-reference interface. The reflected ultrasound pulse was windowed using rectangular window (width = 0.64 µs and 0.4 µs for 9 MHz and 40 MHz ultrasound, respectively). For each ultrasound measurement the reference reflection, recorded at the nearest distance to that of the reflection from the saline-meniscus interface, was 20 selected for the analysis.
Quantitative ultrasound parameters
Reflection coefficient (R), integrated reflection coefficient (IRC), apparent integrated backscattering coefficient (AIB) and ultrasound roughness index (URI) were determined with both ultrasound transducers for each measurement location as described in earlier studies (figure 1) (Chérin et al. 1998; Saarakkala et al. 2004; Virén et al. 2009 ). Briefly, for calculation of the reflection parameters 5 (R and IRC) one scan line perpendicular to the meniscus surface was selected from each recorded ultrasound image. This was done by selecting the scanline with the highest reflection from salinemeniscus interface. R was calculated from the ultrasound signal reflected from the meniscus surface in the time domain, whereas IRC was determined in the frequency domain (Virén et al. 2009; Virén et al. 2010 ). The final value was obtained as an average of three repeated measurements. AIB was 10 determined in the frequency domain at the same scan line as the reflection parameters (Virén et al. 2009 ). URI was calculated from the meniscus surface profiles each consisting of 21 points (10 points from each side of the point closest to the IVUS probe) (Virén et al. 2009 ). The trend arising from the measurement geometry and the natural curvature of the meniscus surface was removed before determination of URI by fitting a 4 th order polynomial in to the measured profile and subtracting the 15 fit from the original measurements.
Before the calculation of quantitative parameters RF ultrasound signal was filtered using digital band pass filters (9 MHz transducer: 6 th order, pass band 1.5-20 MHz, 40 MHz transducer: 15 th order, pass band . Before the calculation of R and IRC the reflected ultrasound pulse was windowed using a Hamming window (width = 0.64 µs and 0.4 µs for 9 MHz 20 and 40 MHz ultrasound, respectively) and before the calculation of AIB 1.85 µs and 1.94 µs rectangular windows were selected under the meniscus surface for 9 MHz and 40 MHz ultrasound transducers, respectively. Furthermore, to investigate the depth dependence of ultrasound scattering three consecutive AIB widows (AIBs: 0.64 µs and 0.4 µs; AIBm: 0.64 µs and 0.4 µs; and
AIBd: 0.74 µs and 1.23 µs, for 9 MHz and 40 MHz, respectively) were selected (figure 1).
Biomechanical measurements
Biomechanical data used in the present study was extracted from our previous study with the same samples and measurement sites (Danso et al. 2015) . The details of biomechanical measurements 5 are described in that study. Briefly, a custom-made mechanical testing device with cylindrical flat ended steel indenter (diam. = 1.19 mm), high resolution (0.1 µm) actuator (PM1A1798; Newport Corporation, Irvine, CA), load cell (Model 31/AL311AR, Honeywell, Columbus, OH, USA, resolution: 0.005 N) and measurement and data acquisition software (LabView; national Instruments, Austin, TX) was used for biomechanical testing. Four compressive steps were applied using a ramp rate of 10 100%/s and a relaxation criterion of < 10 Pa/min. Subsequently, the equilibrium modulus (Eeq) (linear fit to stress-strain ratios in equilibrium points from steps 2 to 4) and instantaneous modulus (Einst) (linear part of stress-strain curve in step 4) were calculated by assuming Poisson's ratio of 0.1 and 0.5, respectively. 15 
Biochemical analysis
The biochemical data used in the present study was extracted from a previous study with the same samples (Danso et al. 2015) . For the analysis 1 mm thick section was cut from a site adjacent to the ultrasound and biomechanical measurement site. Water content (H2O) of the meniscus samples was determined using the freeze drying method. Samples were first immersed in the PBS for 4 hours and 20 weighed. The measurement was repeated three times and the results were averaged. Subsequently, lyophilized for 72 hours and then weighted to determine the dry weight of the samples. Water content was determined as ratio of dry and wet weight subtracted from 100%. Subsequently, hydroxyproline (HyPro, related to collagen concentration) and uronic acid (UA, related to proteoglycan concentration) contents of the samples were determined. To determine the HyPro and UA contents the sections prepared from each measurement location were incubated for 3 hours in 60 o C with a mixture of 1 mg/ml concentration of papain in 150 mM of sodium acetate including 50 mM Cys-HCL and 5 mM EDTA. Next, the papain-digested sections were freeze dried and 5 hydrolysed and the HyPro content was determined spectrophotometrically (Schwartz et al. 1985) .
Finally, the UA content was quantified from the ethanol-precipitated residue of the digested sections (Blumenkratz and Asboe-Hansen 1973) . For each sample, the biochemical analysis were repeated three times and the results were averaged. Variation in the section size was compensated by normalizing the results with the wet weight of the section.
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Digital Densitometry
To determine the histological integrity of the samples Safranin-O stained sections (thickness = 3 µm) were prepared at the site of ultrasound and biomechanical measurements. Subsequently, the distribution of proteoglycans was quantified by imaging optical density (OD) of the Safranin-O 15 stained sections with a digital densitometry system (DD) consisting of light microscope (AxioImager M2, Carl Zeiss, Oberkochen, Germany) with monochromatic light source and a 12-bit CCD camera (CH250, Photometrics, Tucson, AZ, USA). The system was calibrated using neutral density filter (Schott, Mainz, Germany). Finally, OD was determined for each site as an average of three sections. 20 Multivariate PLS regression analysis was applied to predict the composition and mechanical properties of the meniscus based on measured ultrasound backscattering. PLS regression analysis is used to detect relations between predictor variable and one or more response variables. Eeq, Einst, H20 content, OD, UA content and HyPro content were used as response variables in the analysis. In the present study, two different sets of predictor variables were used. To determine the predictor variables, 1.85 µs and 1.94 µs rectangular windows were selected under the meniscus surface for 9
PLS regression multivariate analysis
MHz and 40 MHz ultrasound transducers, respectively. First, Hilbert envelope was calculated for the ultrasound signal and z-scores calculated from depth dependent ultrasound backscattering intensity 5 were used as predictor variables in the PLS regression models (PLSE, figure 1 ). To determine the second set of predictor variables, power spectrum was calculated for the windowed ultrasound signal. Subsequently, power spectrum of measured signal was normalized with the power spectrum of a reference reflection from a polished steel plate. Finally, z-scores determined from -12 dB bandwidth (7.4-10.8 MHz and 32.0-44.7 MHz for 9MHz and 40 MHz ultrasound, respectively) of 10 ultrasound backscattering spectrum were selected for the PLS regression analysis (PLSS).
Ten-fold cross-validation technique was used to build and validate the PLS prediction models (Lorber and Kowalski 1990) . In ten-fold cross-validation, the samples are randomly divided into ten groups. In turn, each group of samples are left out from the analysis and their properties are predicted based on PLS regression models built using the rest of the samples. Further, 15 competitive adaptive reweighted sampling was used to select the most relevant predictor variables for the PLS regression models. The algorithm evaluates the importance of individual predictor variables based on their regression coefficients. The variables with small regression coefficients are considered less important and removed from the models in an iterative process (Li et al. 2009 ). The maximum number of PLS components was limited to six to avoid overfitting. The criteria for the 20 optimal model were to maximize the coefficient of determination (R 2 ) and minimize the root mean square error of cross-validation (RMSECV) between the measured and predicted response variables.
Custom made Matlab (2014a, MathWorks Inc, Natick, MA USA) script and libPLS toolbox (Li et al. 2014 ) was used to preprocess the ultrasound data and to create the PLS models.
Statistical analysis
Statistical analyses were conducted with SPSS software (SPSS 19, IBM, Chicago, IL, USA). The relationships between quantitative ultrasound parameters and mechanical properties or composition of the meniscus were determined with Spearman's rank correlation coefficient. The statistical significance between the ultrasound parameter values measured from different 5 anatomical locations was tested with Freeman analysis of variance. In the pair-wise analysis, adjusted p-values were used to account the bias caused by multiple testing. Linear dependencies between quantitative ultrasound parameters and menisci properties determined with reference techniques was tested with mixed-model analysis. The mixed-model accounts the correlations and clustering within the dataset. In the mixed model analysis, the joint in which the measurements 10 were conducted was set to random variable and meniscus properties, location and side were set to fixed variables. The reproducibility of the ultrasound measurements was determined as a coefficient of variation (CV) (Glüer et al. 1995) and as a standardized coefficient of variation (sCV) (Fournier et al. 1997) . To determine sCV the CV values should be standardized using the ratio of range and mean of parameter values, where the range is determined by multiplying the population standard 15 deviation by factor of 4 (Fournier et al. 1997; Njeh et al. 2000) . However, as the population mean and standard deviation were not available for quantitative ultrasound parameters the values determined in the present study were used in the determination of sCV. To estimate the clinical usability of the technique Least Significant Change values (LSC) were calculated for each ultrasound parameter (Glüer 1999) . In the calculation of LSC the sCV was used as an approximation for the 20 precision error of the technique. The level of statistical significance was set to p < 0.05.
RESULTS
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The mean and standard deviations of the quantitative ultrasound parameters determined from different locations (anterior, center and posterior) of medial and lateral menisci are presented in the figure 2. For 9 MHz ultrasound transducer, significant (p < 0.05) site dependent variation was observed in the ultrasound reflection parameters (R and IRC). However, ultrasound backscattering (AIB, AIBs, AIBm and AIBd) and surface roughness (URI) values did not show statistically significant 5 variation between the locations (figure 2). Backscattering of 40 MHz ultrasound varied significantly (p<0.05) between the measurement locations whereas the ultrasound reflection and roughness parameters did not (figure 2). Average R, IRC, URI and AIB determined with 9 MHz ultrasound for meniscus were 6.3 ± 2.2%, -26.5 ± 3.9 dB, 25.7 ± 9.9 µm and -35.9 ± 5.7 dB. Average ultrasound parameters values determined with 40 MHz ultrasound for meniscus were 7.5±2.2%, -28.6±2.8 dB, 10 25.2±9.6 µm and -39.3 ± 3.0 dB for R, IRC, URI and AIB, respectively.
Moderate but significant correlations were found between the quantitative ultrasound parameters and the composition and mechanical properties of menisci (table 1) . With 9
MHz ultrasound, statistically significant correlation was detected between R, IRC, AIBm or AIBd and HyPro and between R or IRC and UA content of the menisci (table 1). With 9 MHz ultrasound, no 15 significant correlations were detected between AIB, AIBs or URI and, composition and mechanical properties of menisci (table 1) . With 40 MHz ultrasound, modest but significant correlations were found between IRC and HyPro and R or IRC and OD of the menisci. Furthermore, moderate but significant correlation was found between URI and HyPro (table 1) . Finally, moderate but significant correlations were detected between the ultrasound backscattering parameters (AIB, AIBs, AIBm and 20 AIBd) and, composition and mechanical properties of meniscus (table 1). The reproducibility of the ultrasound parameters (CV and sCV) varied between 0.1-27.3% (table 2) . LSC values determined for the ultrasound parameters varied between 0.2-51.1% (table 2) .
Mixed model was used to determine the linear relations between quantitative ultrasound parameters and composition and mechanical properties of the meniscus. For 9 MHz ultrasound, significant linear relation was found between the collagen content (HyPro) of meniscus and ultrasound reflection (IRC, p = 0.03). Furthermore, significant linear relations were found between ultrasound reflection and the meniscus H2O and UA contents (p ≤ 0.01) and between the 5 AIB or URI and HyPro (p ≤ 0.02) (table 3) . For 40 MHz ultrasound, surface roughness parameter URI was found to be significantly related to mechanical properties of the meniscus (Eeq and Einst) and
HyPro content of the meniscus (p < 0.01). Furthermore, linear relation was found between the mean OD of Safranin-O stained sections and AIB (p = 0.05) (table 3) . (table 4) . For 9 MHz ultrasound, only modest correlations 15 (R 2 < 0.3) were detected between predictions determined form ultrasound backscattering envelope or power spectrum and meniscus composition and mechanical properties (table 3) .
Composition and mechanical properties of meniscus predicted with PLS analysis of
DISCUSSION
The feasibility of quantitative ultrasound imaging for the evaluation of the composition and mechanical properties of the meniscus was investigated. Quantitative ultrasound parameters 20 describing the integrity of the meniscus were calculated and correlated with meniscus composition and mechanical properties determined with reference techniques. Furthermore, multivariate PLS analysis of ultrasound backscattering was introduced for the determination of composition and mechanical properties of the meniscus.
Utilization of multivariate PLS regression model for the analysis of ultrasound
backscattering improved significantly the evaluation of the integrity of human meniscus. Statistically significant correlations were detected between the measured composition and mechanical 5 properties of meniscus and the predicted values obtained with multivariate PLS regression analysis of ultrasound backscattering signal. Especially, Einst, Eeq, OD, UA and HyPro were associated with the backscattering of 40 MHz ultrasound. The results are in line with an earlier study in which PLS analysis of the depth dependent OCT signal was found to significantly improve the quantification of the osteoarthritis related changes in the highly organized layered articular cartilage when compared 10 with bulk optical backscattering or attenuation (Puhakka et al. 2015) . In the present study, no significant differences were detected between PLS predictions calculated based on depth dependent ultrasound backscattering or backscattering spectrum. However, higher ultrasound frequency (40 MHz) was found to be more suited for PLS regression analyses than 9 MHz ultrasound. This might be due to the higher axial resolution and lower noise level of 40 MHz ultrasound 15 transducer as compared to 9 MHz ultrasound.
Despite the significant R 2 values, the RMSECV values remained high in the PLS analysis.
This may diminish the clinical applicability of the technique for patient specific assessment of meniscus properties. However, as the number of samples available in the present study was limited, the created multivariate PLS-model may not yet be optimal, and increasing the number of samples 20 used to create the PLS model would likely improve the accuracy of the predictions. In addition, application of similar techniques for the pre-processing of measured ultrasound signal, than used to enhance the sensitivity of the PLS analysis of light backscatter, might improve the sensitivity of the analysis (Puhakka et al. 2015; Rieppo et al. 2012) . Finally, application different variable selection methods might also improve the PLS model and, thus, decrease the RMSECV values. However, as the PLS analysis of the ultrasound backscattering signal was found to improve the correlations between ultrasound scattering and composition and mechanical properties of meniscus, the technique warrants further investigation. 5 Due to the dependency between the measurement locations, mixed model analysis was used to determine the linear relations between quantitative ultrasound parameters and composition and mechanical properties of the meniscus. In previous studies, collagen was reported to be the main scatterer of ultrasound in articular cartilage (Töyräs et al. 1999) . Thus, the significant linear relation between ultrasound reflection or backscattering and HyPro content detected in 10 present study was expected. Furthermore, surface roughness indicating the integrity of the superficial collagen network of the meniscus was related to the meniscus mechanical properties and HyPro content. In addition, the UA content H2O content and OD of Safranin-O stained sections (i.e. proteoglycan concentration) were found to be related to ultrasound reflection and ultrasound backscattering parameters. In previous studies, the correlation between ultrasound parameters and 15 proteoglycan content measured from articular cartilage was reported to be insignificant (Pellaumail et al. 2002; Saarakkala et al. 2004 ). However, as the proteoglycan content as well as water content has been reported to change due to the degeneration of the articular cartilage or meniscus the relations detected in the present study may be due to general degeneration of meniscus structure rather than changes in the proteoglycan or water content (Buckwalter et al. 2005; Herwig et al. 20 1984 ).
In the present study, significant correlation was detected between quantitative ultrasound parameters and composition and mechanical properties of meniscus. Several previous studies report similar correlations between quantitative ultrasound parameters and composition or mechanical properties of articular cartilage (Liukkonen et al. 2013; Saarakkala et al. 2006; Viren et al. 2011) . However, the quantitative ultrasound evaluation of the meniscus has been sparse. The previous studies on ultrasound imaging have been mostly focused on the qualitative evaluation of the integrity of the meniscus or quantitative measurement of the excursion of the meniscus under 5 loading (Akatsu et al. 2015; Friedman et al. 2001; Rowland et al. 2016) . However, these studies have been conducted using conventional external ultrasound imaging systems and no relations of measured ultrasound backscattering to mechanical properties or composition of meniscus have been reported. To our knowledge, there is only one previous study in which quantitative ultrasound parameters have been correlated to mechanical properties of the meniscus (Yasura et al. 2007 ). In 10 that study, intact and enzymatically degraded porcine menisci was investigated with quantitative ultrasound system and moderate correlation was detected between the ultrasound reflection from meniscus surface and apparent Young's modulus of the meniscus. Furthermore, the intensity of ultrasound reflection was reported to decrease after the enzymatic degradation of the meniscus collagens but remain unchanged after digestion of proteoglycans. In the present study, we found a 15 significant correlation between the ultrasound reflection (R or IRC with 9 MHz ultrasound) and UA or HyPro contents of the meniscus (i.e. proteoglycan and collagen content, respectively).
Compared to measurements conducted with the 40 MHz transducer, slightly better reproducibility (CV and sCV) of ultrasound reflection parameters was achieved when 9 MHz ultrasound transducer was used. This indicates that the 9 MHz ultrasound transducer might not be 20 as prone to positioning errors as the 40 MHz ultrasound transducer. Compared to ultrasound reflection and backscattering parameters the reproducibility of URI was relatively low with both ultrasound transducers. Due to the rotating measurement geometry, the length of evaluated meniscus surface profile was limited (21 measurement points corresponding roughly to 1 mm) which may have decreased the reproducibility of URI. Furthermore, the lateral resolution of the ultrasound system and, thus the determined URI value, is dependent on the distance between the imaging catheter and meniscus surface which further decreases the reproducibility of the determination of URI. The present findings are in line with previous studies (Virén et al. 2009; Virén et al. 2010) . LSC-values determined for R, IRC and AIB were significantly lower than those 5 determined for URI. LSC parameter can be used to estimate the smallest change in the quantitative parameter value that is considered statistically significant. Furthermore, if the difference in the parameter values determined for normal and pathological tissues is known LSC can be used to estimate the techniques ability to discriminate between normal and pathological tissues. Earlier, only one study reporting a quantitative ultrasound evaluation of meniscus degeneration has been 10 published. In that study the change in the ultrasound reflection on the meniscus surface degreased more than 60% after the enzymatic digestion of meniscus superficial collagen network (Yasura et al. 2007 ). Despite the enzymatic digestion of the meniscus collagen might not perfectly mimic osteoarthritis related degeneration of the tissue the results indicate that the changes in the ultrasound reflection related to meniscus pathologies might be greater than the LSC-values 15 determined for ultrasound reflection in the present study. However, further clinical studies are needed to confirm the statistical power of the ultrasound evaluation of the meniscus.
Ultrasound reflection from saline-meniscus interface was in the same range as the values previously determined with similar ultrasound system for human knee articular cartilage (6.7  2.5% and -23.8  4.1 dB for R and IRC, respectively) (Liukkonen et al. 2013) . This was expected as 20 the constituents of meniscus are similar to those of articular cartilage. However, the backscattering parameters determined for meniscus were higher than those previously reported for human articular cartilage (AIB = -45.5  4 dB) (Liukkonen et al. 2013) . Even though there are similarities in the composition of the meniscus and articular cartilage, the structure of these tissues are different.
In the meniscus, the collagen network is predominantly oriented parallel to the meniscus surface, whereas in articular cartilage the orientation of the collagen network is parallel to cartilage surface, random, and perpendicular to cartilage surface in the superficial, the middle and the deep layers of cartilage, respectively. As the orientation of the collagen network has been shown to significantly affect the ultrasound backscattering (Inkinen et al. 2015) , the difference in echogenicity between 5 cartilage and meniscus might be due to differences in collagen network structure.
Two different ultrasound catheters with different center frequencies were used in the present study. Higher frequency ultrasound enables higher image resolution which might improve the detection of small changes related to meniscus pathologies. However, due to rapid increase in ultrasound attenuation as a function of frequency, the penetration of high frequency ultrasound 10 into biological tissues is limited. Thus, the optimal ultrasound frequency is a tradeoff between image resolution and desired penetration depth. In the present study, ultrasound reflection parameters (R and IRC) determined with 9 MHz ultrasound transducer were more sensitive for the changes in meniscus composition as compared to those determined using 40 MHz ultrasound. Due to the larger beam width and longer pulse length, the 9 MHz ultrasound might be less sensitive than the high 15 frequency 40 MHz ultrasound transducer for the inaccuracies in the positioning of the transducer and small roughness at the meniscus surface. To simulate the clinical conditions, all the ultrasound measurements were done by holding the ultrasound catheter manually above the meniscus surface which may have led to suboptimal positioning of the ultrasound catheter. The suboptimal positioning of the ultrasound catheter (i.e. non-perpendicular incidence of ultrasound at meniscus 20 surface) likely generated uncertainty especially in the measurements of ultrasound reflection coefficient. This might explain the lack of correlation between the ultrasound reflection and meniscus composition in measurements done with 40 MHz ultrasound transducer. This assumption is also supported by the lower reproducibility of 40 MHz ultrasound reflection parameters as 20 compared to measurements done with 9 MHz ultrasound. URI and backscattering measured with the 40 MHz ultrasound frequency were found to be more sensitive for changes in the composition and mechanical properties of the menisci than those determined using 9 MHz ultrasound. Due to short pulse length, extensive backscattering and high lateral resolution of 40 MHz ultrasound, the surface roughness and backscattering characteristics of the meniscus could be determined more 5 accurately with 40 MHz transducer than with 9 MHz ultrasound. This is in line with an earlier study where high ultrasound frequency and small spot size of ultrasound beam were found perquisites for sensitive evaluation of the degenerative changes in articular cartilage ).
Conducting reproducible and sensitive ultrasound measurements during a clinical arthroscopic surgery is challenging. Thus, to enable fast and straightforward assessment of the 10 meniscus and articulating surfaces the ultrasound imaging techniques should be robust.
Furthermore, for the clinical applications, the visualization of the underlying subchondral bone and measurement of cartilage thickness would be valuable. Thus, clinical applications might favor lower ultrasound frequency at the expense of lower resolution. However, based on the results of the present study, lower ultrasound frequencies might not be sensitive enough for the determination 15 of material and mechanical properties of meniscus based on the ultrasound backscattering measurement. Thus, for the clinical application the highest possible ultrasound frequency that still can be used to visualize the subchondral bone should be selected.
To conclude, quantitative ultrasound imaging was shown to be potential technique for evaluation of the integrity of the human meniscus in vitro. Furthermore, PLS regression analysis of 20 ultrasound backscattering was shown to be superior to quantitative ultrasound parameters in detecting variation in meniscus composition and mechanical properties. However, further optimization of the preprocessing of ultrasound signal might further improve the accuracy of PLS prediction model in the evaluation of the composition and mechanical properties of the meniscus.
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